A high-speed optical coherence and Doppler tomography system suitable for real-time monitoring of the microstructural and microvascular tissue changes induced by laser thermal therapy is described. The performance of the system is demonstrated experimentally in vivo by noting the morphological change, manifest as an increase in the optical extinction coefficient, and the reduction in the blood flow during and after laser thermal therapy in an animal model.
I. INTRODUCTION
Optical coherence tomography ͑OCT͒ 1 and its Doppler 2, 3 extension are relatively new imaging techniques developed for noninvasive biomedical applications. OCT detects backscattered photons from subsurface microstructures up to 2 mm deep in tissue, and performs depth discrimination by low-coherence interferometry with the resolution ranging from 2 to 15 m. 4, 5 Similar in principle to Doppler ultrasound, Doppler OCT, or optical Doppler tomography ͑ODT͒ can detect moving particles using the Doppler effect, which is useful in measuring blood flow in tissue. Because the optical wavelength is one to two orders of magnitude smaller than the acoustic wavelength, ODT can detect much slower blood flow velocity ͑ϳ0.05 mm/s͒ than Doppler ultrasound, and is thus capable of imaging capillary flow in vivo. Previously, we developed a digital signal processing technique for ODT that can measure blood flow velocities over a large range ͑Ϫ7 to ϩ7 mm/s at 75°Doppler angle͒ and reject tissue motion artifacts. 6 In this article, we present the feasibility study of using our OCT/ODT system to monitor the microstructural and microvascular changes induced by laser thermal therapy in an animal model.
II. APPARATUS
A schematic of the OCT/ODT system is shown in Fig. 1 . Its detailed operation has been described previously. 6 Briefly, a continuous-wave broadband infrared source emits approximately 5 mW centered at 1300 nm wavelength with 62 nm bandwidth. The emission is passed through a Michelson fiber interferometer, which produces an interference pattern with a coherence length of ϳ14 m in air. This corresponds to an axial spatial resolution ͑in the z direction͒ of 10 m in biological tissue ͑assuming a refractive index of 1.4͒. Lateral spatial resolution is determined by the spot size of the light beam incident on the sample, which is about 10 m at the focal point with a confocal parameter of about 400 m. Three-dimensional ͑3D͒ imaging is accomplished by two motorized translation stages for x-and y-axes scanning in the sample arm, and by a rapid scanning optical delay ͑RSOD͒ line for z-axis ranging in the reference arm. The field of view of an x -z image is 3.60 mmϫ0.62 mm, and the y-axis increment between the adjacent image slices is 10 m. The amplitude of the interference pattern corresponds to the depth-resolved reflectivity in the sample, and its logarithm is displayed as a structural image, analogous to B-mode ultrasound display. The phase difference between consecutive z-axis scans is related to the Doppler frequency shift caused by moving particles, such as red blood cells. The Doppler shift is color coded to form a blood flow image analogous to color-Doppler ultrasound. Unlike ultrasound, which requires a coupling agent such as gel or water-bath, OCT/ODT imaging is noncontact. Both the structural and flow images ͑in the x -z plane͒ are digitized into 600(x)ϫ312(z) pixels which are acquired, processed, and displayed at imaging speed of one frame per second. The image quality can be improved by averaging multiple subsequent z-axis scans, to increase the signal-to-noise ratio in the structural image and the velocity sensitivity in the color flow image, albeit at the expense of a reduced frame rate.
III. ANIMAL FEASIBILITY EXPERIMENT
Malignant human melanoma cells ͑ATCC HTB-67͒ were implanted intradermally into the hind leg skin of severe combined immunodeficiency ͑SCID͒ mice, which resulted in solid tumors of 5-7 mm in diameter after ϳ6 weeks. Prior to OCT/ODT imaging, the animal was anesthetized and placed into a mouse restrainer as shown in 
IV. RESULTS
Preliminary results show that tissue changes induced by laser thermal therapy can be detected by OCT/ODT without motion artifacts. One of the 40 OCT images obtained before laser therapy is shown in Fig. 2͑B͒ , illustrating the microstructure of the implanted tumor and the overlying skin. Although not clearly visible in the structural image, three blood vessels of diameters ranging from 10 to 20 m are visible in the ODT image, as shown in Fig. 2͑C͒ . The Doppler frequency shifts present in these vessels range from about Ϫ600 Hz ͑flowing away from the skin surface͒ to ϩ2 kHz ͑flowing towards the skin surface͒. The actual blood flow velocity, V, can be calculated from
where 0 is the central light wavelength, f D is the Doppler frequency shift ͑obtained from the measured phase shift͒, n is the average refractive index of tissue ͑ϳ1.4͒, and is the Doppler angle between the direction of blood flow and the incident light. The Doppler angle can be estimated by comparing the position of the blood vessel across multiple ODT images taken at different y-axis positions. However, since capillaries ͑diameter ϳ10-20 m͒ are quite tortuous, we assumed a Doppler angle of 75°for all blood vessels in this feasibility study. This assumption gives a measured blood flow velocity range of Ϫ1.0 to ϩ3.6 mm/s in these blood vessels. Another measure of blood perfusion is the amount of moving blood in the imaged volume. This is obtained by calculating the area occupied by blood vessels in each image, and accumulated across all images in the volume. For the tumor shown in Fig. 2 , the moving blood occupies approximately 0.2% of the total tissue volume imaged. Figure 3 shows the OCT and ODT images of the tumor immediately after the 3 min laser irradiation and at 3, 6, and 24 h post-treatment. As shown in Fig. 3͑A͒ , it is clear that the layered morphology of the overlaying skin above the tumor became much less visible immediately after treatment, as compared with Fig. 2͑B͒ . Apart from the morphological change, the penetration depth of the OCT imaging was greatly reduced. This can be quantified by fitting the logarithm of the interference amplitude as a function of the depth into tissue, which is approximately the optical attenuation coefficient of the tissue at 1300 nm. For this calculation, 50 axial scans of the OCT signal profiles were averaged along the x direction, normalized to the maximum of each profile, and the results are shown in Fig. 4 . The linear fit was carried out using only the first half of the signal profile ͑where the normalized OCT signal Ͼ0.5͒, since at deeper depths single backscattering events no longer dominate, and the attenuation is no longer described by the simple decaying exponential. 7 The calculated tissue optical attenuation coefficient for the pretreatment time point is 80Ϯ15 cm Ϫ1 ͑SD͒, significantly different from that of the immediately posttreatment time point, which is 200Ϯ10 cm Ϫ1 . The smaller error in the post-treatment case is indicative of the less structured, more homogeneous tissue morphology resulting from the laser irradiation, as seen in comparing the structural OCT images of Fig. 3 with that of Fig. 2͑B͒ . At 3 h post-treatment, the animal was reanesthetized and imaged again; in this case, the calculated tissue optical extinction coefficient was 150 Ϯ10 cm Ϫ1 . This trend of reduced penetration of OCT signal 
FIG. 2.
͑A͒ Animal experiment setup with the mouse restrainer. ͑B͒ Typical OCT structural image of the mouse hind leg region with the implanted melanoma and overlaying skin ͑notice the layered morphology͒. ͑C͒ Corresponding ODT color flow image of the same region, where three small blood vessels ͑b1, b2, b3͒ situated between the tumor and skin can be found. Inset: zoom-in view ͑ϫ2͒ of the three blood vessels. This set of images was obtained prior to laser thermal therapy. Image dimension: 3.6 mm (x) lateralϫ0.6 mm (z) depth.
was also observed at the 6 and 24 h post-treatment time points. Accompanying the changes in morphology and optical extinction, blood flow in the treated region was significantly reduced. Figures 3͑B͒ and 3͑D͒ show the corresponding Doppler flow images immediately post-laser thermal therapy, and at 3 h after. No blood vessels were found in these images for the entire scanned volume when all image slices were analyzed.
V. DISCUSSIONS
Real-time monitoring of the tissue changes is important for laser thermal therapy for two reasons: ͑1͒ to ensure treatment is adequate; and ͑2͒ to prevent damage to surrounding normal tissue. Imaging methods like ultrasonography, computed tomography ͑CT͒, and magnetic resonance imaging ͑MRI͒ have been attempted but have limitations. 8 The main difficulty with ultrasound monitoring is the uncertainty of whether the observed changes are reversible or irreversible. CT and MRI cannot presently monitor tissue changes in real time and are expensive. On the other hand, all three type of changes ͑morphological, optical extinction, and blood flow͒ observed with OCT/ODT in our feasibility study seemed to be irreversible ͑additional imagings were conducted at 6 and 24 h post-treatment, with similar trends͒. The change in the tissue optical extinction coefficients induced by the laser thermal therapy is likely due to an increase in the scattering coefficient, 9 as at 1300 nm the optical attenuation is dominated by scattering instead of absorption. Our preliminary results are similar to previous OCT experiments on thermally damaged skin tissue. 10 It is possible to obtain even higher contrast between laser-treated and untreated tissue by employing polarization-sensitive OCT in certain tissues, especially those with birefringence such as the skin.
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Laser thermal therapy induced changes in perfusion have been reported previously using Doppler ultrasound 12 and two-dimensional ODT. 13 In comparison with ultrasound, the advantage of our OCT/ODT method is the improved spatial and velocity resolution, thus allowing the detection of vascular shutdown in blood vessels 10-100 times smaller. The main disadvantage is the reduced imaging depth, which could be overcome by using interstitial OCT/ODT probes. In fact, such interstitial OCT/ODT probes may also be used as fluence probes for real-time monitoring and feedback control of the laser thermal therapy. Further investigations with a larger number of animals, a variety of irradiation conditions, and optothermal denaturation models are required to extend this feasibility study to evaluate the potential of OCT/ODT as a quantitative monitoring tool for laser thermal therapy.
